Summary. This study used 100-m thick paraffin sections stained by the ER-HR3 antibody to examine the three-dimensional surface morphology of the central macrophages of erythroblastic islets in the splenic red pulp of aged and pregnant mice. The ER-HR3-positive cells were the macrophages located at the center of the erythroblastic islets, and the number per unit of splenic area was almost constant until 30 days of age, thereafter showing a marked decrease. In pregnant females, the ER-HR3-positive macrophage number significantly increased and became approximately eight times higher than the control value. In aged virgin females, the islet macrophages were generally ovoid in cell profile, and shallow cup-shaped dents were formed on their cell surface. However, in pregnant females, the macrophages became larger in size, and cell socket structures, formed by long finger-like cytoplasmic processes, became prominent on their cell surface. The 3-D images, obtained from 100-m thick paraffin sections, provided the clear morphological evidence of the activity of the islet macrophages in spleen erythropoiesis.
Introduction
The mouse spleen red pulp is a hematopoietic tissue, being mainly involved in erythropoiesis, and contains numerous erythroblastic islets as a morphological hematopoietic unit (Brendolan et al., 2007) . The islets consist of a central macrophage with erythroblasts around it (Bessis and Breton-Gorius, 1962; Fruhman, 1970; Bernard, 1991) . Studies on hematopoiesis of the red pulp have revealed that aging, pregnancy and hormone treatment with estrogen and erythropoietin have a signifi cant infl uence on erythropoiesis Wojchowski et al., 2006) . Compared with studies on the erythroblasts in the red pulp, however, less attention has been paid to the islet macrophages. Since the central macrophages are tightly surrounded by hematopoietic cells, scanning electron microscopy is not suitable for observation of the central macrophage surface. ER-HR3 is a rat-anti-mouse macrophage monoclonal antibody known to recognize macrophages associated with erythropoiesis in the bone marrow and the spleen (de Jong et al., 1994) . The present study used ER-HR3 anti-macrophage monoclonal antibodies to clarify the surface morphology of the islet macrophages in the splenic red pulp of aged and pregnant mice.
Materials and Methods
ICR virgin female mice and pregnant mice were sacrifi ced at 1, 20, 30, 50, 70, 100 , and 114 days of age. A total of 40 mice were used. In the pregnant group, five females were mated overnight at 100 days of age, and sacrifi ced at 14 days after copulation. The removed spleens were fi xed in 4% paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4, 4 ) for 4 h for paraffi n embedding. Then they were cut into 4-m thick and 100-m thick sections for the following immunohistochemical procedures.
Immunohistochemistry
Two rat anti-mouse macrophage monoclonal antibodies were used. One was ER-HR3 (Funakoshi, Japan), a marker of macrophages associated with erythropoiesis; the other, F4/80 (Cosmobio, Japan) serves as a panmacrophage marker. The avidin-biotin complex method (Vectastain Elite ABC kit; Vector Laboratories, USA) was employed as follows. Sections were treated with 99% methanol containing 0.3% H2O2 for 30 min, after which they were immersed in 0.1% normal rabbit serum in phosphate-buffer saline (pH 7.6) for 1 h at 37 . Then the sections were incubated either in F4/80 (dilution 1:250) or ER-HR3 (dilution 1:150) for two hours at 37 . After incubation in the primary antibodies, the sections were treated with biotinylated anti-rat IgG antibody for 30 min, and then immersed in an ABC reagent for 30 min. For visualization of the immunoreactions, 0.02% 3,3'-diaminobenzidine, containing 0.005% hydrogen peroxide and 50 mM Tris-HCl buffer (pH 7.6), was used. For negative controls, sections were reacted with 0.1% normal rabbit serum albumin instead of the primary antibodies.
I m m u n o s t a i n e d s e c t i o n s , 4 -m t h i c k , w e r e counterstained with hematoxylin, and the numbers of ER-HR3-positive cells and F4/80-positive cells per unit area (1 mm 2 ) in the spleen were calculated from photographs at a fi nal magnifi cation of 500. The mean cell numbers SD were obtained at each day of age. The cell numbers of pregnant females were compared with those of the virgin control at 114 days of age. The values obtained were statistically evaluated by Student's t-test.
Three-dimensional reconstruction
To obtain three-dimensional profiles of macrophages, computer-aided reconstructions were carried out. Serial digital images of ER-HR3-positive macrophages in 100-m-thick immunostained sections were obtained at 0.5 m intervals by light microscopy with a computer controlled z-axis stepping motor (Mitani Co., Japan). After enhancement with IPLab software (Scanalytics, USA) followed by noise reduction with AutoDeblur software (AutoQuant, USA), macrophage outlines were traced with Adobe Photoshop software (Adobe Systems Inc., USA). The total number of serial profi le images per one macrophage was 90 to 120. DeltaViewer software (freeware donated by Prof. Masaaki Wada, Department of Information and Computer Sciences, Nara Women's University, ver. 2.0.8) was used for three-dimensional reconstructions.
These experiments were approved by the Animal Research Committee of Kawasaki Medical School (No. 06-053) and conducted according to the Guide for the Care and Use of Laboratory Animals of that institution.
Results

ER-HR3-positive cells in the splenic red pulp of virgin and pregnant females
The splenic tissue at one day of age was mostly composed of the erythropoietic red pulp, in which a large number of ER-HR3-positive cells were widely scattered (Fig. 1a) . The neonatal red pulp contained numerous erythroblastic islets as histological erythropoietic units, and the ER-HR3-positive cells, approximately 40 m along the long axis, were generally located at the center of an erythroblast cluster, extending their long cytoplasmic processes among surrounding erythroblasts (Fig. 1b) . In the aged virgin mice, the number of erythroblasts in the red pulp decreased (Fig. 1c) , and a dramatic fall in the number of ER-HR3-positive macrophages was observed. At 114 days of age, these markedly diminished in cell size to approximately 25 m along the long axis (Fig. 1d) .
Neonatal red pulp, stained by the F4/80 monoclonal antibody, contained numerous positive cells, and the positive cell number did not show any decrease in aged females at all.
In pregnant mice, the spleens became markedly enlarged and contained many more erythroblasts and ER-HR3-positive macrophages than did those in virgin females (Fig. 1e) . The ER-HR3-positive macrophages were approximately 40 m along the long axis, and the cell profiles were as complex as those seen in neonatal red pulp. ER-HR3-immunostaining disclosed long cytoplasmic processes of the macrophages extending among surrounding erythroblasts (Fig. 1f) .
Quantitative observations of the ER-HR3-positive macrophages and F4/80-positive macrophages in virgin and pregnant females
Postnatal changes in the spleen weight of the virgin females and the number of ER-HR3-positive cells per unit area are shown in Figure 2a . The weight was 8.2 4.0 mg at one day of age, increasing rapidly to 91.1 6.3 mg at 50 days of age, but thereafter remaining almost constant until 100 days of age. The number of ER-HR3-positive macrophages per unit splenic area was 853.1 62.1/mm at one day of age, and the number slightly but signifi cantly decreased from 775.0 120.3/mm 2 at 30 days of age to 509.4 68.6/mm 2 at 50 days of age (p<0.01). Then the cell number dramatically decreased to 25.0 14.0/mm 2 at 100 days of age, approximately one thirty-fi fth of the number at one day of age (Fig. 2a) . Concerning the F4/80-positive macrophage, the cell numbers per unit area were almost constant, 600-800/mm 2 , between one day and 100 days of age in virgin females.
As shown in Figure 2b , in the pregnant females at 14 days of gestation, the spleen weights were signifi cantly higher than those of the virgin controls (p<0.01). The number of ER-HR3-positive macrophages per unit area also significantly increased to 396.9 50.1/mm 2 , becoming approximately eight times higher than the control value, 46.9 31.3/mm 2 , of the 114-day-old females (p<0.01).
Computerized 3-D reconstruction of the ER-HR3-positive macrophages of control and pregnant mice obtained from 100-µm sections
In the red pulp of the control virgin females, ER-HR3-positive macrophages were ovoid in cell profile, approximately 30 m along the long axis, and on their cell surface, shallow cup-shaped dents had formed (Fig.  3a, b) . Spike-like short projections, less than 1 m long, were seen at the rim of the dents. Erythroblasts were seen around the macrophages albeit few and they appeared to have cell contacts with the central cells just on the shallow dents (Fig. 3b) .
At 14 days of gestation, the ER-HR3-positive macrophages became larger in size, approximately 45 m along the long axis, and numerous cytoplasmic processes were found on their cell surface (Fig. 3c) . Instead of The spleen weights showed a rapid increase between one day of age and 50 days of age, and then the weights were almost constant. The numbers of ER-HR3-positive cells were almost constant until 30 days of age, and then the numbers showed a marked decrease. At 100 days of age, the number of positive cells became negligible. b: In the pregnant females, both the spleen weight and the number of ER-HR3-positive cells showed a rapid increase. There were as many as eight times more ER-HR3-positive macrophages in the pregnant red pulp than in the virgin controls at 114 days of age. shallow dents, cell socket structures, formed by well developed cytoplasmic processes and deep hemispherical dents, could be observed. These cell socket structures, approximately 7 m in diameter, covered the entire cell surface of the central cells, and numerous long fi nger-like processes, 3 m long, extended from the rim of the dents. Erythroblasts were located in the cell sockets (Fig. 3c ) and were tightly held by the finger-like cytoplasmic processes (Fig. 3d) .
Discussion
The present study revealed that the number of splenic erythroblastic islets markedly decreases in aged mice but significantly increases in pregnancy. In the latter case, the islet macrophages also rapidly increase in cell size, and their cytoplasmic processes rapidly extend to hold the erythroblasts tightly on the cell surface.
The ER-HR3 used in the present study is a rat-antimouse macrophage monoclonal antibody which was initially introduced as an antibody against two kinds of cell membrane proteins of bone marrow-derived hematopoietic reticulum cells by de Jong et al. (1994) . This antigen is known to be expressed on macrophages associated with erythropoiesis in the bone marrow and the spleen (de Jong et al., 1994) , while the antigen F4/80 is a pan-macrophage marker introduced by Taylor et al. (2005) . Regarding the macrophage sub-population, the spleen red pulp is known to contain two different groups: the fi rst are central macrophages of erythroblastic islets, and the other are scavenger macrophages which remove senescent erythrocytes from blood peripheral circulations (Simon, 1980; Mebius and Kraal, 2005) . Our results show that, for postnatal changes in positive cell numbers, there existed marked differences between F4/80 staining and ER-HR3 staining, suggesting that our quantitative studies of ER-HR3-positive macrophages specifically reflect the changes in the erythropoietic activity of the spleen.
The present study clearly revealed the 3-D structure of the central macrophages of erythroblastic islets both in control virgin and pregnant mouse spleens by computerized reconstruction of 100-m sections. The central macrophages have characteristic cytoplasmic processes on their cell surface, and the function of the cell socket-like structures formed by those processes is not for phagocytosis but rather to maintain a fi rm grasp on the erythroblasts on the central cell surface (Sasaki and Iwatsuki, 1997) . In our previous studies, long fi ngerlike processes were not observed on the surface of scavenger macrophages but were specifically identified on the surface of the erythroblastic islet cells. In the erythroblastic islets, it is suggested that cell adhesion between VCAM-1 on the central macrophages and VLA-4 on erythroid cells is important for preventing apoptosis of the erythroid cells during the erythroblast maturation (Sadahira and Mori, 1999) . Thus, the appearance of numerous finger-like processes on the central macrophages may be involved in such interaction between macrophages and erythroblasts during erythropoiesis in the spleen. Our 3-D images of numerous finger-like cytoplasmic processes in the pregnant mouse spleen provided clear morphological evidence of the increased activity of the central macrophages in erythropoiesis.
Erythroblastic islets are morphological units of erythropoiesis not only in the spleen but also in the bone marrow. Using 100-m-thick immunostained paraffin sections, we previously reported the presence of a threedimensional surface structure of islet cells in both the fetal liver and the neonatal bone marrow (Sonoda and Sasaki, 2006; Notsu et al., 2007) . The central macrophages of the erythroblastic islets in the fetal liver possessed cell socket structures formed by finger-like processes and deep hemispherical dents on the cell surface (Sasaki and Iwatsuki, 1997; Sonoda and Sasaki, 2006) . On the other hand, the central macrophages in the neonatal bone marrow were characterized by thin cord-like projections for each erythroblast to twine around them, and cell socket structures were not observed on the central cell surface (Notsu et al., 2007) . These fi ndings indicate that the three-dimensional surface structure of the central cells of the erythroblastic islets differ considerably with respect to hematopoietic tissues. These morphological differences might be closely associated with their cell origins and also related to the erythropoietic activity in the different tissues.
